Combining density functional theory calculations for molecular electronic structure with a Green function method for electron transport, we calculate from first principles the molecular conductance of benzene connected to two Au leads through different anchoring atoms -S, Se, and Te. The relaxed atomic structure of the contact, different lead orientations, and different adsorption sites are fully considered. We find that the molecule-lead coupling, electron transfer, and conductance all depend strongly on the adsorption site, lead orientation, and local contact atomic configuration. For flat contacts the conductance decreases as the atomic number of the anchoring atom increases, regardless of the adsorption site, lead orientation, or bias. For small bias this chemical trend is, however, dependent on the contact atomic configuration: an additional Au atom at the contact with the (111) lead changes the best anchoring atom from S to Se although for large bias the original chemical trend is recovered. 
I. INTRODUCTION
A critical issue in molecular electronics 1, 2, 3, 4 is to find anchoring groups and construct contact structures which provide both stability and high contact transparency. In many recent experiments, 5, 6, 7, 8, 9 Au electrodes were used as leads for electronic current because of their high conductivity, stability, and well-defined fabrication technique. A common way to construct a lead-molecule-lead (LML) system is by using a break junction, formed either mechanically 5, 6, 7, 8, 10 or electrically. 9, 11, 12, 13 In these break-junction experiments, the atomic structure of the molecule-lead contact is unknown. Therefore, neither the influence of detailed atomic structure on transport through the molecules nor a path to improved performance is clear. With regard to anchoring groups, a S atom is commonly used 2, 5, 6, 7, 8, 9 to connect various benzene-like organic molecules to Au leads because of its good binding with Au and good stability. However, a recent experiment for α,ω-bisacetylthio-terthiophene and α,ω-bisacetylseleno-terthiophene 14 showed that a Se anchoring atom is better than S for zero bias conductance. Currently, it is an open problem whether there are other better choices and what the system dependence is.
In terms of theoretical studies, there are mainly two ab initio approaches for electron transport through molecules. One was developed by Lang, et al. 15 : the Kohn-Sham equation of the system is mapped into a Lippmann-Schwinger scattering equation which is solved for the scattering states self-consistently. In the implementation, 15 ,16 the jellium model was adopted for the two metallic electrodes of an LML system. The other approach, 17, 18, 19, 20, 21, 22 is based on a density functional theory (DFT) calculation for the molecular electronic structure combined with a non-equilibrium Green function (NEGF) method for electron transport. Very close to the latter approach there is also an approach based on a self-consistent tight-binding method combined with the NEGF method.
23,24
Within the DFT+NEGF method itself, there are generally two approaches describing the boundary between the leads and the molecule of a LML system. In one category, a cluster geometry is adopted, either for all the subsystems of a LML system or for only the extended molecule while the leads are handled by an extended system method (for example, Refs.). 17, 18, 19, 25, 26, 27 The other type of DFT+NEGF approach 20, 21, 22 uses periodic boundary conditions (PBC) with large parts of the leads included in the extended molecule, so that the interaction between the molecule and its images will be screened off by the metallic lead in between. In this case all the subsystems can be treated on the same footing.
Concerning the important issue of the best anchoring group, surprisingly few studies have been done. First, there is a theoretical calculation 15, 16 for the benzene molecule using jellium leads which demonstrated that the best anchoring atom for contact transparency is not an S atom but rather a Te atom -it increases the equilibrium conductance by about 25 times. A potential problem with this calculation, however, is the neglect of the detailed electronic structure of Au as well as the contact atomic structure. Although in the DFT+NEGF method both molecule-lead interaction and contact structure can be taken into account in principle, in practice this has not been done: contact atomic structures were predetermined in all previous calculations. Thus, to the best of our knowledge, the effect of relaxing atomic positions in the contacts has not been investigated theoretically. Very recently, the effect of three different molecular end groups has been evaluated with DFT+NEGF, 28 though not the ones considered here nor with contact structure relaxation.
In this paper we investigate systematically the effects of different realistic contact atomic structures and re-examine the important issue of the best anchoring group. We use our previously developed self-consistent implementation of the DFT+NEGF method. 22 In our method, as in the other two implementations, 20, 21 PBC are adopted and large parts of the two metallic leads are included in the device region (about 40 Au atoms per lead) so that the molecule-lead interactions (including electron transfer and atomic relaxation) are fully included, and the electronic structure of the molecule and leads are treated on exactly the same footing.
We calculate the molecular conductance of benzene connected to two Au leads with real atomic structure and finite width in order to simulate physical leads in breakjunction experiments. The connection is made through three different anchoring atoms: S, Se, and Te. We consider fully the atomic relaxation of these LML systems, and consider different lead orientations and different adsorption sites of the anchoring groups. The fully optimized atomic structures and high level basis set for all the atomic species make our calculations well converged. It is found that the molecule-lead coupling, the electron transfer, and therefore the conductance depend strongly on the adsorption site, lead orientation, and local contact atomic configuration. It turns out that for ideally flat contacts the equilibrium conductance decreases with increasing atomic number of the anchoring group, regardless of the contact atomic structure and bias. However, for contacts with a fluctuation of one Au atom, Se becomes slightly better than S for small bias, although for large bias the chemical trend goes back and S becomes better. This shows the critical role of the real contact atomic structure in electron transport through molecules.
II. COMPUTATIONAL METHODS
The systems studied contain a benzene molecule connected to two Au leads through S, Se, or Te anchoring atoms. While our main focus is on the chemical trends among these anchoring atoms, the structure of the contact is an important issue as well. Two different Au lead orientations, (001) and (111), are considered. The inplane size of the Au lead is set to be 2 √ 2×2 √ 2 for the (001) lead and 2×2 for (111). For checking the dependence on the in-plane lead size, we also use larger (001) leads, 3 √ 2×3 √ 2, and 4 √ 2×4 √ 2. Furthermore, we also use a (001)-(4 √ 2 × 4 √ 2) periodic surface to model the (001) lead. Because of the large separation between the molecule and its images (larger than 12Å), this model will be a good approximation to the lead of an infinitely large surface. For the (111) lead, we consider different adsorption sites for the anchoring atom: hollow site (h), bridge site (b), and top site (t). From now on we use, for instance, the structural label S (001) h to denote the system with S anchoring atom adsorbed at the hollow site of the (001) lead surface.
The purpose here is to simulate possible experimental situations in break-junction experiments, in which different atomic structures may occur and, indeed, global structural equilibrium may not be reached. In our calcu- lation, the contact atomic relaxation is fully included by relaxing the molecule and the first two atomic layers of the lead surfaces, as well as the molecule-lead separation, while leaving the in-plane position of the anchoring atom fixed at the h, b, or t site. The optimized atomic structure of the systems with an S anchoring atom are shown in Fig. 1 ; those for the other anchoring atoms are similar and therefore not shown. These fully optimized structures are called "relaxed" structures hereafter (default if not specified), in contrast to "unrelaxed" structures in which atoms in the leads are fixed at their bulk positions.
In the unrelaxed case, the molecule is fixed at its optimal isolated structure, the dangling bond on the S atom is saturated by an Au atom, and the distance between the S atom and the Au surface is optimized. Because we use the bulk Au structure for the leads, the atomic relaxation consists of two parts: one is the relaxation of the bare Au lead with respect to its bulk structure, and the other is the relaxation of both the leads and the molecule induced by the molecule-lead interaction. The latter is our primary interest; in fact, our calculations show that the former is very small, which is consistent with the very small surface relaxation of unreconstructed infinite Au surfaces.
For the electronic structure calculation, we use Siesta, an efficient full DFT package. 29 A high level double zeta plus polarization basis set (DZP) is adopted for all atomic species. The PBE version of the generalized gradient approximation (GGA) 30 is used for the electron exchange and correlation, and optimized TroullierMartins pseudopotentials 31 are used for the atomic cores. The atomic structure of the molecule, lead surfaces, and molecule-lead separation are fully optimized, with residual forces less than 0.02 eV/Å.
For the transport calculation 22 we divide an infinite LML system into three parts: left lead (L), right lead (R), and device region (C) which contains the molecule and large parts of the left and right leads, as shown in Fig. 1 , so that the molecule-lead interactions can be fully accommodated. For a steady state situation in which the region C is under a bias V b (zero or finite), its density matrix (D C ) and Hamiltonian (H C ) can be determined selfconsistently by the DFT+NEGF techniques. 17, 18, 19, 20, 21, 22 The Kohn-Sham wave-functions are used to construct a single-particle Green function from which the transmission coefficient at any energy, T (E, V b ), is calculated. The conductance, G, then follows from a Landauer-type relation.
III. RESULTS AND DISCUSSION

A. Structure
We find that if the anchoring atom is adsorbed at the hollow site, the effect of contact atomic relaxation is minor and independent of the lead orientation [see Fig. 1 at the b or t site [for a Au(111) lead], the relaxation effect becomes significant [ Fig. 1 (c) and (d) ]. This behavior is understandable because the h site is the bulk atomic position, so that the adsorption of an anchoring atom at it will not noticeably change the directional binding charac-ter of the surface. For the b or t site, in contrast, the directional binding character can be significantly modified by an adsorbed atom, leading to the significant contact atomic relaxation shown.
The relative stability of the different adsorption sites is related to the binding energy between the molecule and the lead, given by the difference in total energy between the whole system and the two subsystems using the same supercell and k-sampling. Table I summarizes the results for both (001) and (111) leads connected by the three anchoring atoms, both relaxed and unrelaxed. We wish to point out three features: First, the binding energy on (111) is larger than that for (001). This is a straight forward result of the different directional binding character of the two surfaces with the group-VI anchoring atoms: the coordination on the (111) surface is smaller than on (001) and so is more favorable to the group-VI anchoring atom. Second, for the Au(001) lead, the most stable adsorption site, regardless of contact relaxation, is the h site [shown in Fig. 1 (a) ] followed by b and then t. The energy gains for b and t are quite large: for the relaxed S-anchored system, for instance, the energy increase for b and t sites are 0.77 and 1.80 eV/contact, respectively. Third, for the Au(111) lead the situation is not so simple. If the contact is not relaxed, the most stable adsorption site is h followed by b and t; however, after relaxation, the most stable site becomes b followed by h and t. The energy differences are smaller here compared to the (001) case: for the unrelaxed S-anchored system, the energy difference between h and b is 0.41 eV/contact while after relaxation it is only −0.21 eV/contact.
Our results are largely in agreement with previous results concerning chemisorption on Au(111). Short alkane thiols on unrelaxed Au(111) prefer the h site. 32 In a study of the chemisorption of 1,4-benzene-dithiol perpendicularly on the surface of an unrelaxed Au 25 cluster, 33 the most stable adsorption site was h followed by b then t, as in our results. Finally, a systematic ab initio calculation of S-C 6 H 5 chemisorbed on a Au 29 cluster, 34 in which the whole structure was fully relaxed in different geometrical configurations, it was found that several b sites have the lowest energy, consistent with our result for the relaxed S-anchored system. Despite this agreement with previous results, we caution that the structural optimization and energetics of the different structures in this paper may include a significant contribution from the small width of the Au leads; as a result, the present results may differ quantitatively from those for chemisorption on either an infinite surface or a small Au cluster.
Considering that in break-junction experiments different contact atomic structures will occur and an adsorbed molecule may not be at its global equilibrium position, we investigate the three adsorption sites on Au(111)-leads. For Au(001)-leads, however, we only investigate the most stable adsorption site (h) because it has a substantially lower energy than the next most stable one. 
B. Effects of structure on transmission
In Fig. 2 we show for the systems studied the transmission function T (E) under zero bias. The values of the equilibrium conductance are summarized in Table II , together with the molecule-lead electron transfer determined by a Mulliken population analysis.
In Table II , first note that the Au(001) lead gives a much larger conductance (by about 6 times) than the (111) lead for all three anchoring atoms -S, Se, and Te. This can be understood by analyzing the molecule-lead coupling and electron transfer for the two lead orientations: In the (001) case, the anchoring atom has four nearest neighour Au atoms while there are only three for (111). This difference in the contact atomic configuration certainly affects the molecule-lead coupling, which may also lead to a difference in the molecule-lead electron transfer. However, for the S-anchored systems, both surfaces result in very small electron transfer (Table II) , but their transmission functions are essentially different [ Fig.  2 (a) and (c) ]. In particular, there is a small peak around the Fermi energy for (001) which is absent for (111), indicating that the difference in equilibrium conductance is mainly due to the different molecule-lead couplings. An interesting aspect here is the difference between the binding (Table II) and the transport with the Au(001) and Au(111) leads: contacts with good (poor) binding have, however, relatively poor (good) transparency. This is an illustration that for completely different contact structures, binding and transport character are not necessarily related.
Another difference between the two lead orientations is that the overall structure of T (E) is totally different (Fig.  2) : the T (E) for Au(001) are quite smooth while those for Au(111) have many sharp features. Possible reasons for the latter include a Au(111) lead that is too thin or its much lower symmetry. Note that other calculations 21 also find sharp structure when using a Au(111) lead. To dramatize the difference in transport between the two lead orientations, we calculate T (E) for infinite pure (001) and (111) wires (Fig. 3) . Because of the infinite periodic structures of the two wires, both T (E) are step functions. As can be seen, the average transmission of the (001) wire is larger than that of the (111) wire, and the (111) transmission coefficient fluctuates strongly. These strong fluctuations are related to the sharp features in the transmission through the molecule. Table II shows a clear trend in the equilibrium conductance for the different adsorption sites: G(t) > G(h) > G(b) for all the S-, Se-, and Te-anchored (111) systems. Comparing to the binding energies for the different sites (Table I) , we see again that there is no direct relation between transport and binding properties when comparing different structures. Note that the maximum difference in G for the three sites can be up to about 6 times.
In contrast, the trend in molecule-lead electron transfer is ∆Q(t) > ∆Q(b) > ∆Q(h). Here we can also find cases where the electron transfer for different adsorption sites is very close but the conductance is quite different [in Table II . These indicate that the trend in the equilibrium conductance is mainly due to differing molecule-lead coupling for the three adsorption sites rather than simply differing charge transfer.
This conclusion can also be reached from Fig. 2 . In Fig. 2 (b) and (c), because of the similar electron trans- fer (Table II) , T (E) for the h-and b-adsorbed systems are similar around the Fermi energy. In addition, the relative positions of the Fermi energy in the gap (which is comparable to the ∼ 0.3 eV HOMO-LUMO gap of the molecule including the two anchoring atoms) are similar. However, there is a small shoulder at the Fermi energy for the h-adsorbed cases which is absent in the case of b-adsorption; this is the signature of the difference in the molecule-lead coupling.
Results for finite bias provide further support for these conclusions. In Table III we list the current under 1 and 3 V biases for the (001) h and (111) b systems with each of the anchoring atoms. The first thing we should notice is that the amplitude of the current for the S-anchored system is consistent with both a previous selfconsistent DFT+NEGF calculation using a cluster geometry 25, 26 and a self-consistent jellium model calculation. 16 All of these theoretical results are much larger than experimental results 35 (as well as the result from a nonselfconsistent DFT+NEGF calculation). 36 The reason for this discrepancy between theory and experiment is still an open problem; it may be related to the structural difference between the theoretical model and the real experimental conditions.
Under finite bias the current for (001) is much larger than that for (111), although the relative difference tends to decrease with increasing bias. To show directly differences between the two lead orientations under a finite bias, the voltage drops for 1 V bias between the two lead surfaces are shown in Fig. 4 for the (001) h and (111) b cases. Despite the difference in conductance between the two lead orientations, the voltage drops are strikingly similar. Note features in the middle corresponding to the benzene ring, features between the anchoring atom and the surface, and features between the anchoring atom and the ring. Looking carefully in Fig. 4 [(a) (001) cases, indicating that the surface-anchoring-atom coupling is slightly weaker at the (111) contact than at the (001) contact. 
C. Chemical trends
The chemical trends of different anchoring groups is a particularly interesting and important aspect of molecular electronics.
1,28 They demonstrate, for instance, the critical role of realistic contact atomic structure in electron transport through molecules. In Fig. 2 and more clearly in Table II , a chemical trend is evident in both the molecule-lead electron transfer and the equilibrium conductance for the three anchoring atoms we study, regardless of the lead orientation or adsorption site: As the atomic number of the anchoring atom increases, S → Se → Te, both the electron transfer from the leads to the molecule and the conductance decrease.
Our result of decreasing G with increasing atomic number is directly opposite to the conclusion reached by a previous calculation 15 using the jellium model for the Au leads (Table II) . Besides the qualitative difference in the (Table II) . Table I ), indicating that for similar contact structures the transport and binding properties are related. In order to check whether the clear chemical trend in G is affected by the width of the leads, we carry out calculations for (001) h systems using two wider leads:
Furthermore, we also carry out test calculations using a (001)-(4 √ 2 × 4 √ 2) periodic surface for the leads, which will be a good approximation to an infinitely large surface because of the large separation between the molecule and its images (larger than 12Å). To avoid prohibitive computational effort, we adopted a single zeta plus polarization (SZP) basis set here. Table IV shows that the chemical trend remains with the wider Au leads.
Results for finite bias provide further support for our conclusions. Under 1 or 3 V bias, the current decreases with increasing atomic number of the anchoring atom for both (001) and (111) leads (Table III) . T (E), shown in Fig. 5 for the (001) h cases, decreases at most energies as atomic number increases. From the voltage drop profiles in Fig. 4 , for both (001) and (111) the drops around the anchoring atoms become slightly sharper as the atomic number of the anchoring atom increases. This is direct evidence that the surface to anchoring-atom coupling under finite bias becomes weaker as atomic number increases.
In break junction experiments, the break surfaces are certainly not as flat as assumed above but rather very likely have atomic fluctuation (atomic scale roughness). To see whether or not the clear chemical trend of the different anchoring atoms is affected by the change in contact atomic configuration, we consider an additional Au atom adsorbed at the h site of the two Au(111) lead surfaces. There has been previous work on this system using DFT+NEGF calculations 25, 26, 37 using an unrelaxed S (111) h configuration, as well as a calculation modeling the leads with jellium. 16 First, using an approximate non-self-consistent approach in which a constant imagi- nary self-energy is adopted for the Au lead, one study found that the current under 4 V bias depends strongly on the adsorption site on the Au lead 37 ; when the connection was made by an apex Au atom, the current was significantly reduced. Second, in a systematic calculation for the unrelaxed S (111) h system adopting a cluster method in which only 6 Au atoms are included to form the device region, 25,26 the equilibrium conductance was significantly increased by the addition of the Au atoms at each contact, but the current under large bias was decreased. The result for equilibrium conductance was opposite to that obtained with jellium leads, 16 showing that one must use caution when considering the latter.
In view of these previous results, our goal here is two fold: On the one hand, we wish to study this system with the more recently developed presumably more accurate methods; in particular, we will include 36 Au atoms per (111) lead and 50 per (001) lead in contrast to the 6 used previously. Summarizing the results below, we find that the more accurate methods give qualitatively the same results as those used previously.
On the other hand, and more importantly, we wish to investigate the chemical trend in the effect of the additional Au atom. Our results for electron transfer and equilibrium conductance are listed in Table II , with the adsorption site denoted 'h-Au'. The additional Au atom increases significantly the electron transfer from the leads to the molecule, while the difference among the three anchoring atoms is strongly reduced. Because of the large electron transfer, the LUMO resonance becomes close to the Fermi energy; consequently, the equilibrium conductance also increases significantly. Note that introduction of the additional Au atoms at the contacts changes the chemical trend: Se becomes the best anchoring atom in terms of contact transparency.
Under a finite bias, the relatively large amount of charge transferred to the molecule causes a large density of states at energies between the left and right Fermi energies. This in turn causes very different voltage drop behavior in the presence of additional Au atoms: fluctuations in the voltage drop profile become large because of a large bias-induced polarization (compare Fig. 6 with Fig. 4) . If the bias is relatively small (1 V in Table III) , Se remains the best anchoring atom for contact transparency; however, if the bias is large (3 V), then the chemical trend reverts to S being best. Although the introduction of the additional Au atoms increases significantly the molecular conductance for zero or small bias, it decreases the current under large bias (Table III) .
IV. SUMMARY
By using a state-of-the-art ab initio method for electronic structure and electron transport, we have carried out a systematic calculation for the molecular conductance of benzene sandwiched between two Au electrodes. Our calculation is the first to fully include the effects of relaxing the contact atomic structure. The main results are: (1) Detailed contact structure strongly affects molecule-lead coupling, electron transfer, and molecular conductance. (2) There is no general relation between the binding strength of an anchoring atom and the transparency of the contact; however, in the special case of comparing contacts with very similar atomic structure, stronger binding does imply increased transparency. (3) For ideally flat break surfaces, the equilibrium conductance decreases with increasing atomic number of the anchoring group regardless of the adsorption site, lead orientation, or bias. (4) This chemical trend is, however, affected by the local contact atomic configuration: An additional Au atom at the contact with the Au(111) lead changes the best anchoring atom for small bias (from S to Se) although not for large bias. These results demonstrate the critical role of realistic contact atomic structure in electron transport through molecules.
